topics. Damage such as delamination gets initiated and it grows with the applied load particularly in metal structures. Here, the delamination is referred to debonding of stiffener on a plate. In such structures the strength continuously degrades and finally results in failure of the structure. In this paper we report a concept based on a circular array of PWAS which incorporates ultrasonic Lamb wave technique and a symmetry breaking pattern of sensor signals for identification of the location of the damage (delamination) and estimation of damage parameters in terms of signal energy using wavelet transform.
II. CIRCULAR ARRAY OF PIEZOELECTRIC WAFER ACTIVE SENSORS
An array of PWAS arranged in a circular arrangement with radius of 50 mm on a plate was made for laboratory experiment (see figure 1) . A PWAS placed at the center of the circular array was used as actuator (A). Another PWAS S4 was placed at the boundary of the plate (see figure 1 ) for sensing wave packets transmitted through the stiffener. The aluminium plate has dimensions of 600 x 400 mm with thickness of 1 mm. The actuator A was used to excite the ultrasonic Lamb wave and three of the sensors in the circular array S1, S2, S3 and sensor S4 were used to monitor delamination growth. Both the actuation and the sensor signal acquisition were performed using a portable NI PCIe-6259 multifunctional DAQ system and a computer running Labview program.
A Labview code with matlab script was created for this purpose, which launches a tone-burst signal with known frequency content and amplitude. To remove the unnecessary noises in the signal, a band-pass filter is used. 
a. Lamb Wave Transmission and Reflection Paths
The main concept proposed using a circular array of PWAS in the present work is that the identification of damage location can be carried out by identifying and differentiating the arrival time of the reflected wave from the damage using three or more neighboring PWAS in the circular array and by comparing the symmetry breaking pattern. Ultimately, it does not require all the sensor signals to quickly locate the angular orientation of the damage. A schematic diagram of the plate with the location of PWAS array is shown in figure 2 . In the present experiments, damage in the form of delamination is created in the plate at one-fourth distance from the shorter edge of the plate and at one-half distance from the longer edge (see figure 1 ). The damage, the actuator A and the sensor S2 of the circular array lie on a straight line as shown in figure 2 . This alignment could be sometime little deviated depending on the number of sensors used in the array. However, the present case constitutes an example configuration, which would be generic enough due to circular symmetry of the sensor array. However, two major uncertainties may be caused, one is due to non-identical bonding of the sensors to the plate and other is if the sensor V. T. Rathod and D. Roy Mahapatra; Lamb Wave Based Monitoring of Plate-Stiffener Deboding using A Circular Array of Piezoelectric Sensors array is course and a damage does not lies exactly on the radial line A-S1-Damage. Such practical issues can be addressed later. In the present case, the two sensors S1 and S3 of the circular array are equidistant from the center line A-S2-Damage. The shortest path of the reflected waves from the damage and the boundary of the plate for circular array sensors are shown. For all of these sensors, the wave path-length for reflection from the damage is smaller than the path-length of reflection from the nearest boundary of the plate. This eliminates the chance of the reflected waves from damage and from the boundary of the plate getting mixed for a suitable chosen time window of signal measurement. 
b. Signal Sensitivity of Sensors in the Circular Array
Since the plate is symmetric about the straight line passing through the actuator A, the sensor S2 and the damage, therefore the signals obtained from S1 and S3 are expected to be almost identical. The measured signals are shown in figure 3 (a). The two reflected peaks correspond to S0 and A0 modes followed by peaks due to reflections from boundaries, all of which match closely in the signals from S1 and S3. This is according the abovementioned expectation. When there is a damage, which maintains the symmetry about the centerline, the two path lengths for S1 and S2 corresponding to the first reflected peaks of A0 and S0 modes of lamb wave must match closely, whereas the peaks reflected from the damage and reaching S2 compared to S1 or S3 would differ significantly due to path lengths and asymmetry (see figure 3(b) ). Reflected peaks in S1, S3 corresponding to A0 and S0 modes match because the sensors are located at equal distances from the actuator A as shown in figure 2 . However if bonding produces significant variation in the stress transfer in the sensor wafers, then there will be differences even in the S1 and S3 signals. Such variations should be avoided by prior calibration.
(a) (b) Figure 3 . Superimposed sensor signals for 60 kHz modulated sine pulse (a) Signals from S1 and S3 are compared (b) Signals from S1 and S2 are compared. Incident peaks are those due to arrival of the wave from the actuator A.
Presence of any symmetry-breaking damage details about the center line (A-S2-Damage) would shift the reflected wave and also affect their amplitudes and shapes. In such a case, when signals from S1 and S3 are compared, there is a shift observed in the reflected signal due to reflection from the damage. As shown in figure 2 , the reflected wave follows the path P1 and P3 for sensors S1 and S3, respectively, which are symmetric. The location of these shifted peaks on the time axis give the arrival time information based on which approximate location of damage can be determined. For an unknown damage location, this would involve a sequence of comparisons using each three neighboring sensors on the array. The presence and severity of damage are determined by a damage index, which is computed from the temporal variation of the wavelet coefficient of the sensor signal. The procedure followed to introduce damage in the plate and V. T. Rathod and D. Roy Mahapatra; Lamb Wave Based Monitoring of Plate-Stiffener Deboding using A Circular Array of Piezoelectric Sensors study of wavelet coefficients is elaborated next, followed by a discussion on the cumulative damage index.
III. DAMAGED SAMPLE PREPARATIONS
In the present experiment damage in the stiffened plates is considered with the failure of adhesive bonding between the stiffener and the plate. The delamination between the stiffener and the plate is introduced by partially bonding the stiffener to the plate with an adhesive. To find the severity of the damage, damage size is varied and its effect on wavelet coefficients and damage index is 
with the (normalized) sinc function. The subspace of scale a or frequency band [1/a, 2/a] is generated by the functions (sometimes called child wavelets)
where a is positive and defines the scale and b is any real number and defines the shift. The pair wave energy that is getting transmitted through the bonded interface increases with increasing delamination size. Energy reflected from the stiffener and energy transmitted through the stiffener starts decreasing with delamination size. Thus for sensor S2, the energy reflected by the damage decreases and the wavelet coefficient decreases for the peaks corresponding to the reflected waves (see figure 4) . On the other hand for sensor S4, the energy of the signal received by it increases as the delamination size increases (see figure 5 ). The effect of both types of damages as monitored using the sensors of the circular array can be seen clearly in figures 4 and
5.
Variations in the time histories of wavelet coefficients for signals from the three neighboring sensors of the circular array are also compared in figure 6 for various different frequencies of excitation (tone burst incident signal frequency). It can be seen that the wavelet coefficients match closely for sensors S1 and S3 since their locations are symmetric about the center line of the plate and the damage growth is also symmetric about the path A-S1-Damage. The first peak corresponds to the first incident wave of A0 mode and its location on time scale is same due to equal distance of all sensors from actuator A. The peaks of reflected waves from the nearest boundary of the plate corresponding to S0 and A0 wave modes are also shown in figure 6 . The reflected waves from other boundaries also follow these first set of reflected packets since the time window for each wave mode in this case is small due to higher frequency. Since the damage information is present in the signal within the first reflection from the nearest edge, subsequent reflected peaks are not considered in the analysis. The detailed procedure for estimating this and wavelet based damage index is explained in the next section.
a. Time scale elimination
In order to make the interpretation easy and fast, the temporal variation of wavelet coefficient within a particular time window is considered. This time window is set according to the A0 wave packet location on the time axis as received by the sensor. It can be seen in figure 2 
b. Normalized Wavelet Coefficient
Any change in the wavelet coefficients with respect to the healthy/updated monitoring stage of the plate is due to the presence of damage, lamb wave mode conversion due to structural boundary reflections or due to variation in ambient noise. We first normalize the wavelet coefficient, which makes it easier to determine the possible location of the damage. If the hidden information due to damage is separated from other information by proper means, localization of damage feature in the processed signal is possible. Once the damage is detected in the structure, it is necessary to determine the location of that damage. This can be done efficiently using time history of the normalized wavelet coefficient. We define the normalized wavelet coefficient as 
V. WAVELET BASED DAMAGE INDEX
In order to locate the damage, it is necessary to detect the presence of damage in the structure. On the other hand, a damage index can be one which quantifies the extent or severity of damage(s).
One of such damage index is obtained by integrating the particular region of energy concentration in the time-frequency plane. In the present study, we introduce a damage index (J)
in terms of cumulative energy of the signal plate can be monitored with the use of other sensors of the circular array and the whole sequence can be automated using a suitable algorithm.
